Dynamics of wave-induced boundary layers over very rough boundaries by BANDET-CHAVANNE, Marion & PAWLAK, Geno
18 ème Congrès Français de Mécanique Grenoble, 27-31 août 2007
Dynamics of Wave-Induced Boundary Layers Over Very Rough Boundaries
Marion Bandet-Chavanne & Geno Pawlak
Department of Ocean & Resources Engineering
University of Hawaii at Manoa
School of Ocean and Earth Sciences & Technology
2540 Dole street - Holmes Hall 402 - Honolulu, Hawaii 96916 USA
marionb@hawaii.edu
Abstract :
A one-week experiment was conducted on the south shore of Oahu, Hawaii, in September 2005 over a coral reef
pavement. One of the goals of this study is to characterize the spatial structure of the boundary flow over a wave
orbital excursion. These field observations have been carried out within the Kilo Nalu Nearshore Reef Observatory
that provides power and realtime data communication to a suite of instruments via a shore cable connection. The
underwater profiler is composed of a support structure, an instruments mount and a profiling axis. The deployment
used a downward-looking ADCP to obtain the phase-averaged flow field along the profiler axis. Each component
of the velocity field is sampled separately along individual ADCP beams at each profiler position. The 2-D flow
field is then reconstructed as a function of wave phase using data from all instrument positions. Characteristics of
the phase averaged velocity field as well as turbulent kinetic energy are presented here.
Résumé :
Une expérience d’une semaine a été conduite sur la côte sud de l’île d’Oahu, Hawaii, au-dessus d’un pavement
de corail. Un des objectifs de cette étude est de caractériser la structure spatiale de la couche limite induite par
les vagues sur une distance correspondant à l’excursion des particules d’eau. Ces observations ont été menées
au sein du Kilo Nalu Nearshore Reef Observatory qui alimente et permet la communication en temps réel avec
une suite d’instruments via une connection par cable. Le profileur sous-marin se compose d’une structure, d’un
support pour instruments et d’un axe profileur. Pour l’experience, un ADCP monté tête en bas a été utilisé afin
d’obtenir le champ cinématique en moyenne de phase le long de l’axe du profileur. Chaque composante du champ
de vitesse est échantillonnée séparément le long de chaque faisceau de l’ADCP à chaque position du profileur.
Le champ d’écoulement 2-D est alors reconstitué en fonction de la phase de la vague en utilisant les données
obtenues à chaque position des instruments. Les caractéristiques principales du champ de vitesse ainsi que de
l’énergie cinétique turbulente en moyenne de phase sont présentées ici.
Key-words :
boundary layer; turbulence ; roughness
1 Introduction
Waves and currents are the principal physical factors dominating the hydrodynamics of the
coastal zone. Currents may be driven by tides, wind, waves, density variations or river outflows.
Surface gravity waves are formed by a broad range of sources, usually open ocean storms within
mid- to high-latitudes or local winds. The orbital motion of water particles produced by waves
decrease with increasing depth within the water column, and becomes negligible for depths
deeper than ∼ L/2 (where L is the wave length). However, in shallower water depths, orbital
velocities near the bed can become significant and produce an oscillatory bed shear-stress (Dean
and Dalrymple (1990)). When traveling over finite depths and before wave breaking occurs,
waves lose some of their energy mainly through the highly nonlinear process of bottom friction.
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This frictional dissipation of energy takes place within the thin boundary layer above the sea
bed, or within the bed itself, thus playing an important role in momentum balances. The nature
of the bottom (mud, sand, rock, coral,...) as well as the topography of the seabed have, in turn,
a strong influence on the nearshore wave and current fields. Both factors affect and modify the
structure of the boundary layers, depending on the scale of the roughness elements or whether
the seabed surface is smooth or rough. They also affect the wave transformation and energy
dissipation through effects on various mechanisms such as wave breaking, bottom friction pro-
cesses, transfer and exchange of mass and momentum, or sediment suspension and transport.
In the last decades, much work has been dedicated to the parameterization of bed roughness
but mainly in the framework of small scale homogeneous bed (i.e. sand ripples). In that case
the scale of roughness is at least an order of magnitude smaller that the orbital excursion. For
coral reef, roughness is inhomogeneous and individual elements can often be of the same order
of magnitude as the wave orbital amplitude. In that particular case, very few studies have been
undertaken and we are lacking established parameterizations for this high roughness regime.
This communication presents results of a field experiment conducted in September 2005 on
the south shore of Oahu, Hawaii, over a coral reef pavement. Considering the wide spectrum of
roughness scales characteristic of coral reef along with the various wave conditions measured
on site, complex flow patterns are expected to be generated in the near-bed region across a wave
orbital diameter. The laboratory work of Pawlak and MacCready (2002) revealed two flow
regimes induced by differing ratios of wave orbital excursion to the length of the roughness
scale.
The traditional approaches to determine overall bed shear stress in a wave boundary layer are
founded on a one dimensional (1-D) description of the flow, but the spatial variability expected
in flows over an inhomogeneous rough boundary like coral reef will require observations in
more than one dimension, thus making the conventional one-dimensional technique not-well
suited for inhomogeneous rough boundaries. A single point current meter for example would
need to be moved along 2 axes at small steps to resolve the necessary scales. Aside from the ex-
pense and significant flow disturbance, an array of single point current meters would still obtain
relatively poor spatial coverage of the flow field. Instead, the use of acoustic profiling techniques
is proposed to get 2-D spatial structures of the oscillating boundary layer in a phase-averaged
sense over a wave orbital amplitude. These techniques will enable detailed measurements of
small-scale turbulent processes, wave and mean currents over a wave orbital amplitude over the
region within 1.5 m off the bed in the vertical plane aligned with the predominant wave motion.
2 Experimental Setup and Methods
2.1 Study site
A one-week experiment was conducted in the nearshore region of Mamala Bay located on the
south shore of the island of Oahu, Hawaii, in September 2005. The study site is located at a
depth of 10 meters over a coral reef pavement. The bathymetry of the area is characterized by a
fairly steady slope ( ∼1:30) to a depth of 40 meters. The sea bed is composed of sand patches
and regions of coral reef, mainly oriented perpendicular to shore, with roughness extending
over a range of scales varying from flat to about 1.5 m high and from few centimeters to about
1 m wide (see details of the bottom structure in figure 1).
The primary swell activity at the site occurs in summer, associated with long period (14-22
seconds) swells from distant southern hemisphere sources, with typical significant wave heights
of 1-3 meters. Currents in the area are predominantly alongshore but results from earlier studies
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as well as our observations confirmed that current magnitudes are highly variable, ranging from
1 to ∼20 cm/s. Tides are semi-diurnal with maximum ranges of about 1.1 meters and tidal
currents are generally weak.
2.2 Instrumentation and Profiling technique
In order to observe the spatial variability of the near-bed flow, an underwater instrument frame,
composed of a support structure, an instruments mount and a profiling axis (figure 1), has been
deployed over a coral reef pavement. The platform was designed with a broad base to minimize
flow disturbances and oriented so that its longer side is aligned with the dominant direction of
incoming swells. The location of the platform has been chosen so that no wave breaking would
occur at or offshore of this site.
This automated platform (or Rough Boundary Profiler) stands as one of the focal points of the
newly developed Kilo Nalu Nearshore Reef Observatory that provides power and realtime data
communication to a suite of instruments via a shore cable connection. (More information can
be found at http://www.soest.hawaii.edu/OE/KiloNalu/). The RBP moves an instrument pack-
age along a horizontal track over a distance of up to 3 meters, collecting data over a set time
period at each location (typically 0.5 to 2 hours) thus allowing a spatial reconstruction of the
near-bed flow. The profiling axis can be oriented in the swell direction within a window of± 10
degrees, allowing alignment of this axis with the southern swells window of 190-210 degrees.
An RDInstruments 1200 kHz Sentinel downward looking Acoustic Doppler Current Profiler
Figure 1: Pictures of the underwater profiler composed of a support structure, an instrument mount and
a profiling axis (in yellow). The picture on the left shows the downward-looking ADCP (left corner) and
ADV as well as the bottom structure. The figure on the right shows an "aerial" view of the profiler.
(ADCP) was used to obtain a 2-D view by exploiting the geometrical arrangement of the in-
dividual acoustic beams. This profiler has a 4-beam Janus configuration, each beam aligned
20 degrees from vertical at 90-degrees azimuthal increments. In its normal mode of use, this
instrument provides velocity profiles of the over-or underlying water column at set locations.
The velocity vector represents an average over an increasing volume of fluid as distance from
the instrument increases. Thus this use of the ADCP (downward-looking here) is not ideal for
boundary layer measurement since it loses spatial resolution near the bottom, where it is needed
most. If the flow field is approximately periodic and if the instrument can be moved, this diffi-
culty can be overcome in the following way (figure 2).
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Figure 2: Technique to reconstruct a 2-D phase-averaged view of the velocity field over a wave cycle.
The ADCP is mounted on the platform approximately 1.5 m above the bottom pointed down-
ward so that 2 beams are in the vertical plane of the wave motion and 2 are in the vertical plane
perpendicular to it. The velocity data along each individual beam is collected over a large num-
ber of wave cycles. The instrument is then moved to a new location along the axis of wave
motion and data is collected. From the 2 instrument positions there is one common point where
the beam locations cross. At this single location we have velocity data in 2 dimensions from
the 2 beams. Using simple geometry we can reconstruct the horizontal and vertical components
of the velocity vector from the 2 along beam velocities. Although these time series are not col-
lected concurrently, if the flow is assumed to be coherent over distinct wave cycles, averaging
of the velocity data based on the phase of the wave can yield a picture of the flow structure over
the wave period. Indeed we can expect large-scale flow structure generated by the roughness
elements to be consistent at similar phases of the wave motion. It is this coherence that results
in the type of flow patterns observed by Pawlak and MacCready (2002). Using multiple in-
strument positions, we can then obtain the 2-D velocity vector in the plane of wave motion at a
number of points. In this manner, a 2-D phase-averaged view of the velocity field over a wave
period can be reconstructed. The implications of phase averaging are that random flow structure
is eliminated, while regular, periodically generated structures are emphasized.
In addition to the ADCP, a Nortek Vector Acoustic Doppler Velocimeter (ADV) was mounted
on the profiling axis along the ADCP but slighly off-axis, at a vertical position corresponding
to ADCP bin number 10 (figure 1). The ADV provides a high-resolution single point measure-
ment of velocity that allows independent verification of the ADCP data.
Due to the size constraint of this communication, the mathematical formulation of the phase-
averaging as well as the details of the analysis won’t be exposed here but can be found in
Bandet-Chavanne and Pawlak (2007).
3 Results
3.1 Phase-averaged velocity field
Phase averaged velocity field data reveals spatially variable boundary layer thicknesses between
20 and 30 cm as determined from amplitude and phase profiles (figure 3 panels a and b respec-
tively). Data in the figure represents along-beam ADCP data collected over the one-week swell
period and averaged together by wave phase for wave events matching narrow period and am-
plitude criteria.
The phase plot in figure 3 panel a) indicates the wave phase at which the local velocity vector is
aligned with the offshore semi-major ellipse axis described by the horizontal and vertical com-
ponent of the velocity and highlights the phase lead near the bed. Velocity amplitude (figure
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Figure 3: Phase averaged velocity field data. a) Phase of maximum offshore velocity highlighting phase
lead near the bed. Contours indicate ADCP correlation magnitude highlighting the bottom location.b)
Phase averaged velocity amplitude, normalized by linear wave velocity. c) Phase averaged velocity field
for zero down-crossing (wave phase = 180 deg) highlighting again phase lead along with flow turning in
near-bed flow.
3 panel b) shows spatially variable amplification inside the near bed region characterized by a
sharp increase in magnitude. Contours and estimation of the bottom location have been deter-
mined thanks to the ADCP correlation magnitude which increases sharply at the bed and vali-
dated with on-site diver-based measurements. More details can be found in Bandet-Chavanne
and Pawlak (2007). Figure 3 panel c shows a snapshot of the phase-averaged velocity field co-
incident with the zero down-crossing (wave phase = 180 deg), highlighting the phase shift near
the bed along with the flow turning around individual roughness elements. These data are being
further examined to obtain spatially averaged wave and current profiles enabling calculation of
average friction velocities and friction factors.
3.2 Phase-averaged Turbulent Kinetic Energy field
Figure 4 shows the evolution of turbulent kinetic energy as a function of wave phase normalized
by the local wave kinetic energy. This sequence highlights the spatially variable production of
turbulence at particular wave phases, associated with roughness elements along the rough reef
surface. The turbulent kinetic energy is inferred from the variance of velocity relative to the
phase averaged flow field. While a portion of this velocity variance is due to ADCP ping-to-
ping measurement uncertainty, the spatial structure is indicative of areas of high turbulence.
These features are characteristic of near-bed flow over inhomogenous boundaries and provide a
mechanism for enhanced momentum transfer as described in Pawlak and MacCready (2002).
4 Conclusions
This communication presented some results of a one-week experiment conducted on the south
shore of Oahu, Hawaii, in September 2005 over a very rough surface. A 2-D phase averaged
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Figure 4: Phase-averaged turbulent kinetic energy (normalized). Wave phase is indicated along the right,
relative to zero up-crossing. High production is observed at 60 and 210 degrees.
view of the velocity field over a wave period was successfully reconstructed from ADCP data.
The phase averaged velocity field reveals spatially variable boundary layer thicknesses between
20 and 30 cm as well as an increase in the magnitude of the velocity and a spatially variable
phase lead along with flow turning around individual roughness elements inside the near-bed
region. A sequence of the phase averaged turbulent kinetic energy highlights the spatially vari-
able production of turbulence at particular wave phases, associated with roughness elements
along the rough reef surface.
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